The pupil of the normal human subject constricts in response not only to average increases in light energy, but also selectively to the spatial structure of a visual stimulus even when there are no energy changes. This enables one to measure visual acuity and sensitivity as a function of spatial frequency. It is known that pupillometric measures of acuity correlate well with those determined psychophysically for normal human observers. The purpose of the present study was to measure pupillary changes with stimuli delivered to the 'blind' hemifields of monkeys with unilateral V1 removal, and also with stimulation of a human subject (G.Y.) with putative V1 destruction. The results show that there are small but reliable pupillary changes to flux-equated gratings in the blind fields both in monkeys and human. The response profile in both species is very similar: it is narrowly
Introduction
In almost all cognitive neuropsychological syndromes, a residual 'implicit' capacity can sometimes be found that coexists with a severe 'explicit' deficit. In most syndromes, the demonstration of residual implicit capacities is made indirectly by using an alternative method of testing which creates no operational or phenomenal conflict for the subject. Thus, amnesic subjects show good priming or conditioning even though the same material does not yield an acknowledged memory of the retained information: the indirect test can be carried out independently of the recognition or recall tests (Warrington and Weiskrantz, 1968; Shimamura, 1986; Schacter, 1992) . In aphasia, reaction times to 'target' words in particular semantic or syntactic contexts can be used to demonstrate the integrity of semantics and syntax capacities which the subject cannot use in normal communication (Frederici, 1982; Tyler, 1992) . Similar examples exist in other syndromes (cf. reviews by Schacter et al., 1988; Weiskrantz, 1991) . In the case of blindsight, however, where residual visual capacity is found even though the subject does not acknowledge 'seeing' the stimuli to be © Oxford University Press 1998 tuned, with a peak at~1 cycle/°and a cut-off acuity of 7 or 8 cycles/°, a significant reduction compared with the intact hemifield. The result also maps well onto the psychophysically determined spatiotemporal response profile to gratings in the blind field, as determined independently for G.Y. Thus, there is a narrowly tuned spatial visual channel that does not require the integrity of V1 in monkey or human. There was no evidence under these particular conditions in either monkeys or subject G.Y. of a pupillary response to an equiluminant change from white to green or red in the hemianopic field. The pupil holds promise as a non-verbal, indirect method for determining the spatial profile, sensitivity and other properties of residual visual capacity, both in animals and humans.
discriminated by forced-choice guessing or by reaching, a conflict does arise: a 'guess' or a 'reach' is required for a stimulus that the subject would normally expect to be unable to detect or discriminate because it is unseen. Some subjects refuse to 'guess' about 'non-existent' stimuli in their blind hemifields. And when they do cooperate, there are persistent concerns about subjects' criteria for awareness of stimuli and their introspective descriptions.
Therefore, indirect methods of testing for residual visual processing have been developed that allow firm inferences to be drawn about its characteristics without forcing an instrumental response to an unseen stimulus. For example, responses to stimuli in the intact hemifield can be shown to be influenced by stimuli in the blind hemifield (see review by Weiskrantz, 1990) , with visual completion or by visual summation. Of the various indirect methods, pupillometry offers a special opportunity because pupillary constriction is sensitive to spatial and temporal parameters of visual stimuli in a quantitatively precise way. Barbur and his colleagues (Barbur and Forsyth, 1986; Barbur et al., 1994b) have shown that, among other parameters, the pupil is sensitive to the contrast and spatial frequency of a grating, and that the acuity estimated by pupillometry correlates closely with that determined by conventional psychophysical methods in normal subjects. Such pupillary measurements can be obtained in the absence of verbal interchange about the effective visual stimuli. Therefore, the method is available not only for testing normal visual fields, but also the blind fields of hemianopes as well as the visual capacities of animals and human infants.
We report here the pupillary responses to gratings of two rhesus monkeys (Macaca mulatta) with complete unilateral removal of striate cortex (V1), and a human subject (G.Y.) with putative unilateral loss of striate cortex. Measurements were made in both the normal and 'blind' hemifields. Psychophysical determinations of detection of the gratings for G.Y. were also available for comparison.
Methods Subjects
G.Y. is a 41-year-old man who suffered damage to his left occipital cortex in a motor car accident when he was 8 years of age. He has a right homonymous hemianopia with macular sparing extending Ͻ3°into his otherwise blind hemifield [an MRI scan of the lesion appears in Barbur et al. (1993) ]. He has been involved in several investigations (e.g. Blythe et al., 1986 Blythe et al., , 1987 Weiskrantz et al., 1991 Weiskrantz et al., , 1995 Barbur et al., 1993; Brent et al., 1994) , demonstrating a residual visual capacity to detect, localize and discriminate stimuli in his blind hemifield. G.Y. gave informed consent to participate in the experiments.
The two adult male rhesus monkeys, called Baa and Mei, were 8 years old and weighed~10 kg. They had participated preoperatively in a series of experiments involving visual discriminations prior to being trained for the current study. The animal studies were carried out under a UK Home Office licence. The study was approved by the ethics committee of the Department of Experimental Psychology, University of Oxford.
Apparatus
A P-Scan apparatus was used to detect and record pupillary changes. It relies on the detection of the pupil-iris border along several pre-selected scan lines on a video image of the eye. Infrared illumination was provided by light emitting diodes arranged to minimize corneal reflections, and images of the eye were detected by an EEV Photon camera, and relayed to specially constructed video processing adapter boards which were slotted directly into an IBM AT microcomputer. The coordinates along the pupiliris border on 32 pre-selected scan lines were extracted every 20 ms and these values stored for later calculation of pupil diameter and eye position.
Monkeys
Each monkey was trained to enter a primate chair where it squatted with its head protruding through an adjustable neck platform. Padded baffles were then placed against the back and sides of the head to restrict its movements to a few millimetres. Such small movements did not interfere with either the measurement of the pupil or our ability to present a stimulus only when the monkey was fixating the centre of the display directly in front of it and at eye level. The display (Aydin colour VDU) was 36 cm (1024 pixels) wide by 26 cm (760 pixels) high and the viewing distance was 68 cm.
The monkey was trained to fixate the small 1°yellow cross, placed in the centre of, and equiluminant with, the uniform, 10 Cdm 2 , white screen. When the spot dimmed, by an amount that could only be detected reliably by the fovea and immediately surrounding retina in ourselves, the monkey could obtain fruit juice reward within the next 2 s by sucking a tube placed directly in front of its mouth. The experimenter started each trial only when the monkey had completed the previous trial and was again fixating the fixation cross. The inter-trial interval therefore varied from~3 to 30 s, with a mode of~5 s. This variability ensured that there was no time cue that accurately predicted the presentation of a stimulus. The stimulus always lasted 1.0 s and pupillary measurements were made over a 4.0-s period beginning 1.0 s before stimulus onset. For any particular grating parameter (spatial frequency, contrast, wavelength, position) a minimum of 40 presentations occurred within a daily session. However, the results of many of these trials were subsequently rejected because of unacceptable eye movements (see below). The eyes were continuously monitored on a screen outside the testing cubicle by the experimenter, who only triggered the stimulus sequence when fixation was stable. The latter was controlled as follows. The infrared camera that recorded the pupil of one eye provided a magnified image (ϫ12) to the experimenter. Only when the specular reflection of the infrared light source at the top of the display in front of the monkey was centrally placed at the top of the pupil was a stimulus presented. The experimenter's ability to judge central fixation to an accuracy of 2°was first established with human observers asked to fixate centrally and up to 5°laterally in steps of 1°, and whose fixations, recorded on video, were then judged by the regular tester (C. Le M.), who was unaware of the order and extent of the different fixations. After each testing session all trials were examined and any in which the eye had moved by Ͼ1-2°(as revealed by the P-Scan) after the stimulus had been presented and while the area of the pupil was being measured, was excluded from analysis. About 75% of trials were rejected for this reason. Valid trials for each condition were averaged by the PScan system.
Pupillary constriction as a function of stimulus parameters was determined preoperatively for the right hemifields only. This required~7500 presentations (125 sessions) for each animal. The striate cortex of the left hemisphere was then ablated (see below). Postoperatively, the pupillary response was assessed for both hemifields, requiring 63 sessions for monkey Baa and 210 sessions for monkey Mei.
Subject G.Y.
The residual visual sensitivity of this subject with a rightsided hemianopia has been extensively recorded (Barbur et al., 1980 (Barbur et al., , 1994a Blythe et al., 1986; Weiskrantz et al., 1991 Weiskrantz et al., , 1995 Finlay et al., 1997) and was tested in the same apparatus, and under identical stimulus parameters and luminance conditions, as the monkeys. He was instructed to fixate the central cross, but the same programme for dimming of the spot and the presentation of the stimuli was followed. Measurements were obtained for both his hemifields. The final determinations were based on a total of 1500 presentations over 50 sessions.
Stimuli Gratings
Sine-wave gratings were generated in software. The mean luminance of the grating, 10 Cdm 2 , was equal to that of the homogeneous background, i.e. there was never a flux change associated with the presentation of the grating. The size and position of the grating in the visual field, except where otherwise indicated, was 12ϫ12°(400 pixels) with a luminance contrast of 80%. Its nearest edge to the fixation cross was 3°for the monkey (and at greater eccentricities in certain control procedures) and 6°for G.Y. (because of his macular spared region). Measurements were made at spatial frequencies from 0.25 to 20 cycles/°, at which value no pupillary change could be recorded. The stimulus duration was 1.0 s.
As mentioned above, there was no difficulty in detecting a deviation of~2°from central fixation. Nevertheless, as a safeguard, the pupillary responses were also recorded in response to a grating presented at a greater eccentricity. For this condition, the grating was 20°highϫ7°wide and the nearest edge of the grating was 8°from the fixation cross. The contrast and duration were the same as for the standard grating.
Coloured stimuli and light reflex
Several changes were made to the procedure described above in order to generate coloured displays. The chromaticity coordinates of each phosphor of the VDU were: for red, x ϭ 0.6004 and y ϭ 0.3472; for green, x ϭ 0.2799 and y ϭ 0.5968; for blue, x ϭ 0.1525 and y ϭ 0.0648. These and the gamma functions were stored in software in order to provide coloured stimuli. Chromatic, sinusoidal isoluminant alternating red and green gratings (10 Cdm 2 ) were created by superimposing red and green gratings in antiphase. Only the frequencies of 1 and 3 cycles/°were studied for reasons given under Results. The P-scan program did not allow presentation of a 12°ϫ 12°uniform white or coloured field, and tests with a uniform field were therefore carried out with a single vertical stripe (red or green), subtending 22°ϫ 1°, or two such stripes (both red or both green) separated by 1°. The distance between the fixation cross and the nearest edge of the stripe(s) was 7.5°.
The response of the pupil to a plain white stimulus was studied by using a single white stripe at a luminance of 19 Cdm 2 , on a background of 10 Cdm 2 and at the same eccentricity as the single coloured stripe.
Surgery and histology
The surgical and histological procedures were essentially identical to those described elsewhere (Cowey and Stoerig, 1997) and are therefore described here only briefly. The two monkeys were sedated with ketamine hydrochloride (Vetalar, Parke-Davis, 10 mg/kg, i.m.) and then anaesthetized with sodium thiopentone i.v. (Intraval, May and Baker). The surgery was performed under strict aseptic conditions and using an operating stereomicroscope. After making a mediolateral incision in the skin over the left occipital lobe, the skin and fascia were retracted and enough of the temporal muscle detached to reveal the whole of the skull over the lobe. A flap of bone was then removed from the skull from 5 mm lateral to the midline to the farthest possible line laterally, and from the attachment of the occipital muscle caudally to a line~3 cm rostral to it. The dura mater was then cut to reveal the underlying occipital lobe. The lobe was severed by a spatula a few millimetres behind the lunate sulcus, removed in one piece and immediately placed in chilled 10% formal saline for fixation before being photographed and subsequently histologically processed. After cauterizing the severed calcarine artery, all the remaining striate cortex on the lateral surface just behind the lunate sulcus was removed by subpial aspiration, as well as all of the striate cortex in the rostral third of the calcarine fissure, which corresponds to the far periphery of the visual field. After all bleeding had ceased the dura was sewn, the bone flap replaced and secured by threads at each corner, and the muscle, fascia and skin closed in anatomical layers. The monkey was given 50 µg of buprenorphine i.m. (Temgesic, Reckitt and Colman) to reduce postoperative discomfort and 360 mg of Bicillin i.m. (Brocades). Both monkeys regained consciousness within 1-2 h, and behavioural testing resumed after 2 weeks.
The occipital lobe that had been excised surgically was infiltrated for several weeks with a solution of 10% formalin and 30% sucrose, after which frozen sections were cut at 50 µm on a freezing microtome. Every 10th section was stained with Cresyl Violet fast acetate for Nissl substance in order to reveal the striate cortex. In the intact right hemispheres of both monkeys subsequently sectioned, the striate cortex, indicated by the stripe of Gennari and the sharp discontinuity in layering at the transition point between the striate cortex and area V2, was plainly visible throughout the series of sections.
At the end of postoperative testing (Baa, 144 days; Mei, 657 days) the monkey was sedated as before, then deeply anaesthetized with sodium pentobarbitone i.v. After giving an additional lethal dose of anaesthetic and clamping the descending aorta the monkey was perfused transcardially with 1.0 l of 0.9% saline, followed by 2 l of 1% paraformaldehyde in 0.1 M phosphate buffer. The eyes were removed at this point for other investigations. The perfusion of the brain was continued with a mixture of 1.5% paraformaldehyde and 2.5% glutaraldehyde in 0.1M phosphate buffer and then in the same fixative in increasing concentrations (5, 10 and finally 15%) of sucrose. The brain was removed and placed in chilled 30% sucrose phosphate buffer for several days then sectioned with a freezing microtome at 50 µm. A series of sections was taken through the dorsal lateral geniculate nucleus and the tissue caudal to it and one in five stained for Nissl substance. Additional sections were also reacted for horse radish peroxidase histochemistry for purposes not related to the present investigation.
In both monkeys there was no remaining striate cortex either on the lateral surface or in the calcarine sulcus of the left hemisphere. The left dorsal lateral geniculate nucleus was uniformly and totally degenerated throughout, apart from occasional isolated projection neurons that are known to survive because they project to extra-striate cortex.
Results

Spatial frequency: blind hemifield
The magnitude of the pupillary constriction in response to gratings equiluminant with the background was relatively small, of the order of 5%. The peak response for both the monkeys and G.Y. was to a grating of 1 cycle/°and sensitivity (i.e. the 'acuity') declined to zero with spatial frequencies Ͼ7 to 9 cycles/°. The postoperative results for each subject are shown separately in Figs 1-3 . Because the resting sizes of the pupil of G.Y. and the monkeys were different, for comparisons, the responses were normalized, with the peak response set at 100. The normalized responses as a function of spatial frequency were remarkably similar in both monkeys and G.Y., and are shown superimposed in Fig. 4 . These may be compared with the preoperative profiles for the same (right) hemifields, shown in Fig. 5 . It is evident that there is a reduction in acuity as well as a narrowing of the profiles.
Spatial frequency: intact hemifield
The responses in the intact hemifield were of the same order of magnitude as in the blind hemifields, although slightly larger. The peak was also at 1 cycle/°, but the pupil constricted to higher spatial frequencies than in the blind hemifields (Figs 1-3) . Because of limitations of the pixel sizes on the monitor, it was not possible to present satisfactory gratings of higher than~20 cycles/°at the viewing distance of 68 cm. From extrapolation of the curve, we estimate that the 'acuity' was~25-30 cycles/°. Testing of the left hemifields preoperatively was not carried out thoroughly, but only to check that responses were present over the same range of Fig. 1 Pupillary constriction as a function of spatial frequency for monkey Mei. 'Contra. hemifield' refers to the grating projected to the contralateral, affected hemifield, 'Ipsi.' to the grating projected to the unaffected hemifield. 'ecc. control' refers to results with a grating placed eccentrically. 'Ipsi. flash' and 'Contra. flash' refer to a luminance increment in the unaffected and affected hemifields, respectively. 
Eccentricity control
The results for the more eccentric grating are also shown in Figs 1-3. There was a robust response in the impaired hemifields of all three subjects, ruling out an artefact due to misalignment or misreading of correct fixation.
Colour and light reflex
In the impaired hemifield neither of the monkeys showed any sign of a pupillary response to a red and green sinusoidally modulated grating of the same luminance as the screen. Only two spatial frequencies were tested, but both of these were sufficiently low to be within the optimal range for normal vision, as can be seen from the clear response to both in the other hemifield. It was the total absence of any response that led us to use the single or double red or green stripe, but it was still isoluminant with the surround. There was still no sign of a pupillary response in the impaired hemifield. Subject G.Y. was similarly tested and he too showed no pupillary response in his hemianopic field to chromatic displays with luminance identical to that of the surround. There was a reliable pupillary response to the red and the green stimuli in the intact hemifield (not shown in figures) in G.Y. and in both monkeys.
The responses to a flash are is shown in Figs 1-3 . Surprisingly, the size of the response to an increase in luminance was approximately the same in both the impaired and the blind hemifields.
Relation to psychophysics
The ability of these particular monkeys to discriminate gratings of varying spatial frequencies from homogeneous, flux-matched uniform patches was not measured (although such evidence is available for monkeys with bilateral removal of V1, Miller et al., 1980) . Nor was it measured for G.Y. in this particular set-up. However, G.Y.'s discriminative profile in his blind hemifield for gratings versus uniform patches was measured precisely in an earlier study using a twoalternative, forced-choice methodology (Barbur et al., 1994a) , for a number of different contrast levels. There were a number of differences between the stimulus parameters used there and here, such as size, field location and Gaussian limits. Nevertheless, a useful comparison can be made. The psychophysical results, as a function of spatial frequency, are shown in Fig. 6 . The contrast which most closely approximated the one used here (80%) was 75%, and this can be compared with earlier results for G.Y. and the monkeys' pupillometry results in Fig. 4 . The psychophysical and pupillometric functions are very similar.
Discussion
There is remarkable similarity of the profiles of sensitivity of the pupil to stimuli in the blind hemifields of both the monkeys and the human subject with V1 damage. The pupillometric results, in turn, show a similar profile to that obtained psychophysically for the human subject, despite differences in particular parameters. The results as a whole reveal a narrowly tuned spatial channel that remains functional in the blind field following removal of V1. This is in close agreement with the conclusion for the existence of such a channel in the earlier study (Barbur et al., 1994a) from which the psychophysical findings shown here were Fig. 6 Previous psychophysical results for G.Y., using twoalternative forced-choice methodology, for detection of gratings versus equiluminous uniform ground, as a function of spatial frequency. Chance level is 50%. (From Barbur et al., 1994a, with permission.) taken. That study also concluded that there was at least one more channel, based on luminance, and our finding of an intact light reflex is also in agreement with that conclusion.
No pupillary responses could be recorded to modulation of colour in this study, even though G.Y. has been shown, in psychophysical experiments, to be able to discriminate red from green and to detect red against an achromatic ground (Barbur et al., 1994b; Brent et al., 1994) . Wavelength sensitivity and discrimination has also been seen in other hemianopes Cowey, 1991, 1992) . However, stimulus size has consistently been demonstrated to be important for the demonstration of residual visual function, including wavelength, and it was not possible with the pupillometry apparatus, for technical reasons, to generate the much larger coloured stimuli shown to be necessary in the positive psychophysical demonstrations for G.Y. [40°in diameter in the study by Brent et al. (1994) and 14°in diameter in Barbur et al. (1994b) ] As Barbur et al. (1994b) also found reliable pupillary responses in G.Y. to their chromatic stimuli of 14°, it seems likely that responses would also be found in the monkey's affected hemifield to large chromatic stimuli; this remains to be tested.
The blind-field channel, in relation to the intact hemifield, shows a narrowing of sensitivity at the higher spatial frequencies, yielding an acuity of~7 cycles/°. We estimate the acuity of the intact hemifield to be~25-30 cycles/°for the two monkeys. That reduction is roughly in line with the psychophysical evidence that the acuity of the macaque monkey after bilateral ablation of striate cortex is reduced by~2 octaves, as determined by visual discrimination studies (Miller et al., 1980; Pasik and Pasik, 1982) .
The close similarity between the results for monkey and human supports the conclusion that visual processing at this early stage in the visual system is similar in the two species. The impetus for blindsight research actually started with results from monkeys with striate cortex lesions (c.f. Weiskrantz, 1986) , but some investigators have argued that the lower incidence of blindsight findings in humans reflects a species difference. Our evidence speaks against that, and favours the more parsimonious view that the variability of behavioural results stems from the heterogeneity of the lesions in clinical cases in contrast to the experimentally restricted lesions in monkeys. The present evidence also suggests that the profiles of sensitivity found here cannot be due, as a general thesis, to intact small islands of striate cortex, because in the present study we can be confident that there are no such islands of intact striate cortex in the lesioned hemisphere of the monkeys.
It is of some interest to consider the possible relationship between the pupillary response and just which aspects of residual function can be demonstrated psychophysically. In the present example, as we have seen, there had been earlier evidence that the human subject is able to discriminate a grating from a flux-matched homogeneous patch. But one may ask just which features of the visual stimuli are experienced by the subject. We questioned G.Y. frequently after most blocks of trials, and in the rest periods, about his experience of the stimuli. With the grating stimuli used in the current study (as well as in the parallel psychophysical study), G.Y. reported being 'aware', 'knowing' that something had 'happened' when a grating was presented with a spatial frequency that, on further analysis of the computer recordings, also yielded a reliable pupillary response. Outside that range of spatial frequencies, no such experience was reported. But even when he reported being 'aware' of the occurrence of the onset of the stimulus he insisted, throughout to all specific questions on the point, that he never had any experience of the structure of the grating, he never saw any bars, nor had any sense of their orientation. Similarly, G.Y. can report being aware of the onset of a red patch, and can discriminate it from green (e.g. Barbur et al., 1994b; Brent et al., 1994) but he never reports awareness of colour as such. Thus, it would appear that he has some sort of awareness, of a 'non-seeing' type, of transient stimuli, but not of the actual content of the stimuli that give rise to the report, even though parameters of the content, e.g. spatial frequency or wavelength, are critical for production of the experience. A possible exception to this generalization about transient stimuli is with movement, where he reports not only being aware, but can sometimes report awareness of the direction of movementbut, again, without 'seeing' as such (Barbur et al., 1993; Weiskrantz et al., 1995) .
If stimuli lack a distinctive transient onset or offset, blindsight can be still be discriminated by forced-choice guessing for some subjects and for some visual features, e.g. orientation, directional discrimination with slow velocities, detection with very gradual onset, among others (Weiskrantz et al., 1995) . The question that arises in the present connection is whether the pupil would still show a response when the transient onset/offset aspect is removed from the gratings, i.e. by using Gaussian-ramped onsets and offsets. We are about to test this. Beyond that, of course, the same question must be asked about the possible psychophysical discriminations for such transient-less gratings. The outcome would be important for determining whether the pupillary response reflects a feature of a primitive detection system for transient events with certain characteristics, an 'emergency' alerting mechanism, or whether it can respond to other features of visual stimuli in the absence of V1. It would also indicate whether blindsight could be assessed for a wider range of non-transient stimuli using implicit methods. It is evident, in any case, that there must be some cortical efferent influence upon the final common path to the pupil in the brainstem. The pupil shows a much wider spectrum of spatial frequencies in the intact visual field, and reveals a much better acuity. The narrowing of the response profile after V1 lesions is a direct demonstration of the existence of such a cortical influence, in agreement with other less direct evidence concerning the range of parameters of visual stimuli to which the pupil is sensitive.
Just which pathways are available for processing of gratings in the absence of V1 can only be decided by finer analysis of clinical cases with varying extents of occipital damage. It could be that particular extra-striate visual areas are essential (e.g. V2 to V5 must remain intact) with their various inputs via the superior colliculus and thalamus that remain open in the absence of V1 (Rodman et al., 1989; Cowey and Stoerig, 1991) . Alternatively, it may be that the sensitivity remains even in the absence of cortex, a question that can be explored by measuring the pupillary response of hemispherectomized subjects. On the only occasion when this was done, the pupil appeared to be insensitive to a grating in the hemianopic field, but not in the intact hemifield (evidence by Mairie Keenleyside, shown in Weiskrantz, 1990) , but more sensitive and thorough testing is required, especially with larger gratings. However, it is evident that a non-verbal quantitative method is available that has a useful potential for the study of the spatial properties of residual function after interruption of selective pathways of the visual system.
